This article is available online at http://www.jlr.org recent studies with PCSK9-inhibiting monoclonal antibodies, Adnectins, and antisense oligonucleotides ( 8-10 ). Evaluation of PCSK9 inhibitors in combination with statins is important to understand the full potential of this new class of low density lipoprotein cholesterol (LDL-C) lowering agents. Both statins and PCSK9 inhibitors lower circulating LDL-C levels by increasing LDL receptor (LDLR) activity primarily in liver. The hepatic production and enterohepatic circulation of bile acids is important for regulation of whole body cholesterol metabolism, recycling of bile acids, and absorption of nutrients. However the effects of PCSK9 suppression, in the presence and absence of statins, on bile acid metabolism have not been previously reported. Greater LDL clearance increases liver cholesterol exposure, potentially leading to cholesterol accumulation and/or increased conversion to bile acids through liver metabolic pathways, which could affect gastrointestinal exposure to bile acids. Therefore the present study was conducted to analyze the pharmacological effects of statins combined with PCSK9 suppression on bile acid and cholesterol balance and gene regulation in a mouse model. Some PCSK9 biologic inhibitors exhibit species-dependent target binding, and potential immune responses to humanized antibodies in animal models can confound chronic pharmacological modeling in animals. Therefore we used a genetic model of PCSK9 suppression, the PCSK9-Y119X mutant (knockout) mouse model, to evaluate the longterm effects of combination inhibition. The mouse tyrosine-119 mutation (Y119X) in the PCSK9 coding sequence results in loss of PCSK9 expression and reduced plasma LDL, analogous to the PCSK9-Y142X loss-of-function mutation in humans. The loss of PCSK9 expression in this Abstract Proprotein convertase subtilisin-kexin-9 (PCSK9) inhibition markedly augments the LDL lowering action of statins. The combination is being evaluated for long-term effects on atherosclerotic disease outcomes. However, effects of combined treatment on hepatic cholesterol and bile acid metabolism have not yet been reported. To study this, PCSK9-Y119X mutant (knockout) and wild-type mice were treated with or without atorvastatin for 12 weeks . Atorvastatin progressively lowered plasma LDL in each group, but no differences in liver cholesterol, cholesterol ester, or total bile acid concentrations, or in plasma total bile acid levels were seen. In contrast, atorvastatin increased fecal total bile acids ( ‫ف‬ 2-fold, P < 0.01) and cholesterol concentrations ( ‫ف‬ 3-fold, P < 0.01) versus controls for both PCSK9-Y119X and wild-type mice. All 14 individual bile acids resolved by LC-MS, including primary, secondary, and conjugated species, refl ected similar increases. Expression of key liver bile acid synthesis genes CYP7A1 and CYP8B1 were ‫ف‬ 2.5-fold higher with atorvastatin in both strains, but mRNA for liver bile acid export and reuptake transporters and conjugating enzymes were not unaffected. The data suggest that hepatocyte cholesterol and bile acid homeostasis is maintained with combined PCSK9 and HMG-CoA reductase inhibition through effi cient liver enzymatic conversion of LDL-derived cholesterol into bile acids and excretion of both, with undisturbed enterohepatic recycling. -Parker, R. A., R. Garcia, C. S. Ryan, X. Liu, P. Shipkova, V. Livanov, P. Patel, and S. P. Proprotein convertase subtilisin-kexin-9 (PCSK9) activity has a profound effect on cholesterol metabolism in humans and animal models, as revealed through genetic studies ( 1-4 ), knockout and transgenic mice ( 5-7 ), and
Statin/PCSK9 combined effects on murine bile acid metabolism otransferase (AST) levels to assess potential liver toxicity. The plasma chemistry analyses used enzymatic reagent kits: Cholesterol Assay and Direct LDL Assay, Roche Diagnostics; Total Bile Acids Assay, Bio Quant Laboratories.
Liver cholesterol and total bile acids
Homogenates of 0.3-0.5 g samples of livers were prepared in PBS buffer. Aliquots were assayed for free and esterifi ed cholesterol using enzymatic methods according to Wako free cholesterol and Infi nity esterifi ed cholesterol reagent kits. Total bile acids were assayed using the enzymatic recycling method from Bio Quant Laboratories.
LC-MS analysis of bile acids and cholesterol
The method for liquid chromatography-mass spectrometry (LC-MS) quantitation of fecal cholesterol and bile acids from mice was as follows. The MS responses and LC retention time characteristics were confi rmed during method development using commercially available standards. Mouse fecal samples were taken over a 48 h collection period at week 9 of the study and mixed before drying overnight (50°C). Aliquots (0.10 g) of dried samples received 0.7 ml water and were vortexed to a paste, and 1.4 ml of 1 N NaOH in ethanol was added followed by vortexing and heating at 85°C for 2 h. Aliquots then received addition of 0.7 ml of water, 80 g D6-cholesterol (deuterated cholesterol standard) and 4.5 ug of D4-cholic acid (deuterated deoxycholic acid standard) in 25 l working solution to all samples. After vortexing, 3.0 ml of petroleum ether was added with vortexing. Samples were centrifuged at 500 g for 5 min, and for cholesterol 0.5 ml of the upper phase was transferred to a 96-well assay block; for bile acids 0.6 ml of the lower clear layer was transferred to the 96-well block. For cholesterol LC-MS analysis, the dried samples were reconstituted in 200 ul of methanol/well in the 96-well plate, vortexed for 2 min, and centrifuged for 10 min. Supernatant (120 ul) was transferred to new 96-well plates for LC-MS analysis. The LC-MS analysis was performed on a Thermo Acella uHPLC system interfaced with a Thermo Exactive mass spectrometer. The uHPLC column used was a Waters BEH C8 2.1, 1.7 u, 50 mm and the detection was performed in APCI positive ion mode at 25 K resolution and data collection between 200 and 600 Da. For bile acid LC-MS analysis, the dried samples were reconstituted in 200 ul of methanol in the 96-well plate. The plate was vortexed for 2 min and centrifuged for 10 min. Supernatant (120 ul) was transferred to a new 96-well plate for LC-MS analysis. The LC-MS analysis was performed on a Thermo Acella uHPLC system interfaced with a Thermo Exactive mass spectrometer. The uHPLC column used was a Waters BEH C18 2.1, 1.7 u, 150 mm and the detection was performed in ESI negative ion mode at 25 K resolution and data collection between 200 and 1,000 Da.
Liver mRNA extraction and RT-PCR assay
At 12 weeks in the mouse study, whole liver was processed for RNA isolation as follows. Tissue samples were immediately placed in RNAlater reagent and kept at 4°C for 24 h, then removed and placed at Ϫ 80°C in cassettes. To prepare RNA, ‫ف‬ 30 mg tissue samples were added to Biopur tubes with stainless steel bead on dry ice, followed by addition of 1.1 ml TRIzol and lysing by TissueLyser at 30 Hz for 3 min. Samples then received 0.4 ml chloroform, were mixed and incubated for 5 min at 20°C, and centrifuged for 25 min at 12,000 g at 4°C. Supernatants (0.35 ml) from each sample were extracted in QIAcubes, and the extracted mRNA samples were stored at Ϫ 80°C in 96-well plates with 1 l of Protector RNase Inhibitor added.
For real-time qPCR measurements, total RNA was quantitated on a NanoDrop ND-1000 UV-Vis spectrophotometer, and RNA model leads to increased liver LDLR protein and activity, and decreased circulating LDL and total cholesterol. Using this mutant mouse model compared with wild-type mice, the effects of atorvastatin treatment (vs. statin-free controls) were studied over 12 weeks. Forty-eight hour fecal samples were collected and comprehensive analyses of fecal bile acids and cholesterol were conducted using LC-MS. At the end of the study, liver cholesterol content was assayed and liver mRNA concentrations for 16 key sterol and bile acid pathway genes were conducted by RT-PCR. Signifi cant changes in sterol and bile acid metabolism were observed, with metabolic regulation driven by increased expression of a very few liver genes accommodating the increased fl ux of cholesterol in liver and the increased production of bile acids following stimulated cholesterol uptake with combined statin/PCSK9 suppression.
METHODS

Mouse model
Mice carrying a nonsense mutation (point mutation) in the PCSK9 coding sequence at tyrosine 119 (Y119X) were generated through N-ethyl N-nitrosourea (ENU) mutagenesis ( 11 ) . Frozen embryos produced from matings of G1 male mice heterozygous for the Y119X allele of PCSK9 and wild-type female mice were used to establish a breeding colony of the mutant mice at BristolMyers Squibb . The Y119X positive progeny were extensively backcrossed with C57BL/6J mice through more than eight generations using speed congenics to derive the Y119X mice with >99.8% homogenous genetic background. The mice were fertile and bred as homozygous matings to maintain the colony. Control C57BL/6J mice, age-and weight-matched to the mutant mice, were obtained from The Jackson Laboratory.
Study design
For the study, each group comprised 10 homozygous mutant or wild-type mice (6 males and 4 females for each treatment group) aged 3 months at the start. Mice were placed on a diet containing 0.05% atorvastatin, or normal chow for 12 weeks total baseline plasma cholesterol and LDL-C values were obtained and mice were randomized into control diet and atorvastatin supplemented diet (0.05% by weight). The use of 0.05% dietary atorvastatin has previously been used in mouse studies of cholesterol and bile acid metabolism ( 12 ) . In our past work, this resulted in atorvastatin plasma exposure equivalent to ‫ف‬ 10-15 mg/kg/day by oral gavage. Animals had continuous access to diet for the duration of the study. Blood plasma samples collected in ethylenediamine tetraacetic acid were taken at 9:00-10:00 AM in the morning (light phase) without fasting, every 2 weeks for 8 weeks. At week 9, 48 h accumulated fecal samples were collected for each mouse for bile acid and cholesterol analyses. The study was terminated at week 12 and liver samples were collected for assay of free and esterifi ed cholesterol, and for isolation of RNA.
Plasma chemistry
EDTA plasma samples from treated and control mice were assayed for total cholesterol, LDL cholesterol (direct LDL), and total bile acids by standard plasma chemistry laboratory enzymatic methods using an Olympus automated analyzer (model AU680). In addition, interim plasma samples at 6 weeks were assayed for alanine aminotransferase (ALT) and aspartate aminby guest, on October 14, 2017 www.jlr.org Downloaded from apparent changes than males, whereas plasma total bile acids were not different between any groups despite wider variability between animals ( Fig. 3 ) , averaging ‫ف‬ 8-10 moles/l for all time points. Furthermore plasma ALT and AST were not different in any group (assayed at week 6, not shown). These fi ndings suggest that bile acid enterohepatic recirculation and hepatocyte integrity were not signifi cantly disturbed with the combination of PCSK9 and HMG-CoA reductase inhibition in mice despite strong effects on LDL and total cholesterol.
Liver cholesterol and total bile acids concentrations
We next examined whether the changes in plasma cholesterol were associated with any differences in cholesterol accumulation in liver tissue. At 12 weeks treatment hepatic cholesterol and total bile acid concentrations were assayed by enzymatic method. No differences in liver free cholesterol or esterifi ed cholesterol mean concentrations were seen between any of the four study groups ( Fig. 4 , left panel). Male and female mice exhibited similar values. Approximately 1/4 of total liver cholesterol was esterifi ed in each group, and total levels observed were consistent with previous studies in our laboratories. Similarly, liver total bile acid concentrations measured enzymatically were essentially identical for all four groups in the study ( Fig. 4 , right panel) and similar levels were found in males and females. The levels of liver cholesterol relative to total bile acids in liver were ‫ف‬ 10:1 for all mice, and the liver total bile acid concentrations were similar to those reported previously for normal mouse liver extracts using LC-MS/ MS methodology ( 13 ) . Overall the data indicate that livers accumulated neither cholesterol nor bile acids despite the increased LDLR-mediated hepatic uptake of plasma cholesterol stimulated by the combined mechanism of PCSK9 and HMG-CoA reductase inhibition. Liver cholesterol homeostasis was maintained throughout the study.
Fecal cholesterol
Forty-eight hour accumulated fecal samples from each mouse were taken during the 9th week of the study. The fecal samples were analyzed for free cholesterol by LC-MS, and for total bile acids by both enzymatic method, as well as individual bile acids determined by LC-MS. Without statin treatment, fecal cholesterol concentrations at 9 weeks were the same for wild-type and PCSK9-mutant mice, and males and females exhibited similar levels ( Fig. 5 ). With atorvastatin treatment, the fecal cholesterol concentrations were approximately 2-to 4-fold higher than statinfree controls for both wild-type and PCSK9-Y119X mice ( Fig. 5 , left panel; signifi cance shown for male mice). Female PCSK9-Y119X mice appeared to be more sensitive than males to the atorvastatin-induced increase in fecal cholesterol concentrations. Because liver cholesterol concentrations were not affected by atorvastatin, the data indicate that the statin-induced increase in fl ux of cholesterol from plasma into liver was excreted via bile into the intestinal tract for elimination from the body. The fi nding that PCSK9-Y119X mice (without statin) had lower plasma LDL-C but did not accumulate cholesterol or cholesterol quality was assessed on an Agilent 2100 BioAnalyzer. Aliquots of 1.0 ug of RNA from each sample were converted to cDNA using the Applied Biosystems (ABI) High-Capacity cDNA Archive Kit. Quantitative real-time PCR was conducted in 384-well reaction plates on an Applied Biosystems Prism 7900HT sequence detector. The mRNA levels for specifi c genes were normalized to 18S rRNA expression (ABI primer-probe set Hs99999901_s1). Standard curves for each mRNA as well as 18S rRNA were generated by serially diluting cDNA from saline treated animals. All measurements were performed in duplicate and mRNA was averaged within treatment groups (n = 10 mice per group), and unpaired two-tailed t -tests were performed to evaluate statistical difference; P р 0.05 was considered signifi cant.
RESULTS
Phenotypic characterization
The Y119X point mutation in the PCSK9 coding sequence lies in the prodomain of the protein, analogous to the human Y142X loss-of-function mutation ( 2 ) . In initial studies of the mutant mice, very low levels of PCSK9 mRNA for homozygous Y119X mice and ‫ف‬ 50% lower PCSK9 mRNA for the heterozygotes were measured by RT-PCR compared with wild type, suggesting nonsense mediated decay of the point-mutant PCSK9 mRNA. LDLR mRNA levels in liver were not signifi cantly different between the mutant and wild type ( Fig. 1 , left panel). PCSK9 protein was undetectable in liver or plasma of the Y119X homozygous mice (not shown). In initial studies, wild-type (C57BL/6J) mice, heterozygous Y119X, and homozygous Y119X mutant mice were studied at ‫ف‬ 6 months of age, maintained on a normal chow diet. Liver LDLR protein levels were increased ‫ف‬ 2-fold in the heterozygous and 3-fold in the homozygous mutants compared with wild type, and plasma LDL-C was ‫ف‬ 50% lower in the heterozygous and ‫ف‬ 80% lower in the Y119X homozygous mice compared with wildtype controls ( Fig. 1 , right panel) . For these endpoints, an intermediate phenotype in heterozygous mutant mice was observed. These fi ndings show that the Y119X mutation acts as a loss-of-function mutation, and that loss of PCSK9 function leads to increased LDLR protein in liver and marked decreases in circulating LDL-C levels as seen in humans with the Y142X mutation.
Statin treatment effects on plasma lipids
In the study design, age-matched cohorts of 20 C57BL/6J (wild-type) and 20 PCSK9-Y119X homozygous mice were randomized into groups of 10 mice each (6 males, 4 females) for atorvastatin treatment and sampling over time ( Fig. 2A ) . Plasma LDL-C ( Fig. 2B ) and total cholesterol ( Fig. 2C ) tended to decrease progressively and approached plateau values by 8 weeks. Plasma total bile acids remained relatively constant in all groups ( Fig. 2D ) . At 8 weeks treatment, atorvastatin signifi cantly reduced LDL-C in homozygous PCSK9-Y119X mice and in wild-type mice ( Fig. 3 ) , reaching levels near ‫ف‬ 3 mg/dl in the mutant mice. Non-LDL cholesterol and total cholesterol refl ected similar atorvastatin effects although female mice showed greater by guest, on October 14, 2017 www.jlr.org Downloaded from mice had ‫ف‬ 1.5-to 2-fold higher total bile acid levels than wild type without statin treatment ( P < 0.01). Atorvastatin increased fecal total bile acid concentrations approximately 2-fold over respective controls for both wild-type and PCSK9-Y119X mice ( Fig. 5 , right panel; signifi cance shown for male mice). Female PCSK9 mutant mice appeared to be more sensitive to atorvastatin than males. Further analysis by LC-MS of individual bile acids in the samples resolved 14 individual bile acid chemical species, esters in the liver, and had identical fecal cholesterol levels as wild-type mice, suggested that genetic suppression of PCSK9 may infl uence hepatic conversion of cholesterol into bile acids in mice.
Fecal bile acids
Total bile acids measured enzymatically in 48 h fecal samples taken at week 9 showed signifi cant effects of both statin treatment and genotype. Samples from PCSK9-Y119X ( Fig. 6 ) . Similar patterns between groups were seen for several other bile acids (not shown): ursodeoxycholic acid and -muricholic acid, chenodeoxycholic acid, ␣ -muricholic acid, ␤ -muricholic acid, glyco-deoxycholic acid, glyco-ursocholic acid, taurochenodeoxycholic acid, tauro-ursodeoxycholic acid, and tauro-ursocholic acid.
Gene regulation in liver
Liver RNA samples were isolated at the end of the study (week 12) for assay of specifi c mRNAs for selected genes. Assays were conducted by RT-PCR using quantitative including primary and secondary bile acids in conjugated and unconjugated forms. This method provided high resolution with relative quantifi cation for the various species based on deuterated internal standard for deoxycholate only (the highest abundance bile acid in the samples). The sum of all bile acids resolved by LC-MS, as well as individual bile acids, was plotted by treatment group ( Fig. 6 ). These results show patterns similar to those in the enzymatic total bile acids assay ( Fig. 5 ) . Within each group, female PCSK9-Y119X mice tended to be more sensitive than males to the inducing effect of atorvastatin, including the primary cholic acid and secondary deoxycholic acid in both transcripts). Atorvastatin strongly induced liver mRNA expression for the major regulatory genes in the sterol synthesis pathway in both wild-type and PCSK9-knockout mice ( Table 1 ). Expression of the sterol regulatory binding protein (SREBP)2 was increased 2-fold in both groups, while conditions with standard curves. The genes were selected based on biological roles in respective pathways, the statin mechanism, and data from a previous experiment using Affymetrix profi ling to verify expression in the mouse model (Affymetrix GeneChip HT MG-430 PM, ‫ف‬ 39,000 and rate of transhepatocellular movement of bile acids across hepatocytes appears to be suffi cient without further upregulation of the transporter genes in the presence of combined PCSK9 and HMG-CoA reductase inhibition. The effi ciency of both export from the hepatocyte and the extraction and reuptake of bile acids from blood into the liver appears to be suffi cient to accommodate the increased fl ux of bile acids encountered following prolonged statin treatment of both wild-type and PCSK9 knockout mice.
Four of the 16 liver genes assayed showed sex-dependent differences in expression: SREBP2, CYP7A1, CYP7B1, and CYP8B1. In particular, SREBP2 and CYP7A1 baseline mRNA concentrations were higher and were induced by statins to higher levels in females than males for both genotypes ( Table 2 ). These differences may at least partly explain the trends toward higher levels of fecal cholesterol and bile acids in female PCSK9-Y119X mice treated with statins as shown in Fig. 6 .
DISCUSSION
The results described here show that PCSK9 inactivation through ENU mutagenesis in mice, creating an inactivating point mutation in PCSK9 and apparent destabilization of its mRNA, has a profound effect on hepatic cholesterol metabolism. This is consistent with previous studies utilizing alternative knockout technologies, PCSK9-inhibiting monoclonal antibodies, or antisense approaches ( 5, 6, 8 ) . PCSK9 genetic suppression and atorvastatin individually resulted in lower plasma LDL-C and total cholesterol levels, and the combination decreased levels further compared with controls, to average levels as low as 3 mg/dl SRBEP1 was unaffected. Several SREBP2 response genes which control the cholesterol synthesis pathway were strongly upregulated by atorvastatin to similar degrees in both wildtype and PCSK9-Y119X mice. The LDL receptor gene was also induced signifi cantly in both groups. In PCSK9-Y119X mutant mice without statin treatment, no differences in expression of any of these genes was found compared with wild-type mice, with the exception of PCSK9 mRNA which was 9-fold lower than in wild-type mice, consistent with nonsense-mediated decay of the mutant mRNA.
Atorvastatin treatment increased liver mRNA levels signifi cantly by over 2-fold compared with statin-free controls for the rate-limiting enzymes of the main (neutral pH) bile acid pathway, CYP7A1 and CYP8B1, in both wild-type and PCSK9-Y119X mice ( Table 1 ) . No differences were seen in expression of enzymes of the minor (acidic pH) pathway (CYP27A and 7B1). The enzymes regulating bile acid-amino acid conjugation were unaffected. These fi ndings suggest that liver cholesterol fl ux is diverted into bile acid production and secretion into bile in liver of both wild-type and PCSK9 knockout mice through upregulation of key bile acid synthesis enzymes to similar degree. Without statin treatment, PCSK9-Y119X mice showed little or no difference from wild-type mice in the expression of these genes.
Expression of the bile acid transporter genes for export or reuptake were similar for both wild type and mutants with or without atorvastatin, with only slight decreases (<20%) noted in the bile salt export pump (BSEP) mRNA with atorvastatin for both genotypes ( Table 1 ) . Expression of an apical sodium bile acid transporter (ASBT) family member (SLC10A7), the sodium taurocholate cotransporting polypeptide (NTCP), and the sodium independent organic anion transporter (OATP1B2) were unaffected in any of the groups. These data suggest that the capacity Values are RT-PCR assayed mean mRNA concentrations in arbitrary units ± SD for 16 selected liver genes, averaged for n = 10 mice per group. Individual values were fi rst normalized to 18S RNA in each sample before averaging. Group mean values were then normalized to mean wild-type control = 100%. * P < 0.01 versus control for respective genotype. WT, wild type; TG, triglyceride; BA, bile acid.
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When hepatocyte levels of bile acids are in excess they repress their own biosynthesis, and when defi cient their synthesis is increased. In mice, increased hepatic cholesterol infl ux can drive activation of the bile acid biosynthetic pathway ( 15 ) . Data from studies in humans led to an understanding that the pool of cholesterol for liver bile acid synthesis was primarily derived from LDL and VLDL and not de novo synthesis, while biliary cholesterol was derived mainly from HDL, suggesting cholesterol pool compartmentalization within the liver ( 16 ) . Our fi ndings that increased LDL uptake led to higher bile acid production are therefore not surprising but consistent with this view.
Atorvastatin increased excreted cholesterol in wild-type and in PCSK9-Y119X mice, while PCSK9 suppression alone had no effect versus wild-type mice. Atorvastatin had signifi cant effects on fecal bile acid concentrations in both normal and PCSK9 knockout mice, while PCSK9 genetic suppression alone had only modest effects versus wild-type mice. LDL-derived cholesterol in liver appeared to be effi ciently converted and excreted as bile acids as well as being excreted as free cholesterol. Female PCSK9-Y119X mice exhibited greater increases in excreted cholesterol and bile acids than males following atorvastatin. Baseline fecal total bile acid concentrations in wild-type mice in our study were similar to previously reported values for normal mice ( 17 ) . Importantly, liver concentrations of free and esterifi ed cholesterol and total bile acids were essentially identical in all four groups, indicating that hepatic homeostasis was maintained for PCSK9 suppression either without or with maximal HMG-CoA reductase inhibition. The observed metabolic changes were associated with signifi cant upregulation of key bile acid synthesis pathway gene expression in liver. However, both strains of mice expressed similar baseline levels of these enzymes, and each increased to similar extent with statin treatment. Together these fi ndings suggest that in the absence of PCSK9, the intracellular cholesterol pool or fl ux providing substrate to CYP7A is greater, or is more bioavailable or in closer kinetic proximity to the enzyme.
The overall pathway of bile acid synthesis includes up to 17 enzymes in liver ( 18 ) . It has not been resolved whether the intracellular pool of cholesterol substrate for (LDL-C) after statin treatment for 8 weeks in the mutant mice. Though LDL-C is a minor component of mouse plasma, the regulation through PCSK9 and LDLR were pronounced in the mouse, and changes in non-LDL cholesterol were also observed. The latter may refl ect clearance of apoE-containing high density lipoproteins by the LDLR. The mice continued to thrive despite the very low LDL, and there was no evidence of liver malfunction (ALT and AST were normal).
Statins potently suppress cholesterol synthesis, leading to feedback upregulation through the SREBP2 response mechanism, which includes increased expression of both LDLR and PCSK9. In our studies, chronic treatment of mice with a high dosage of atorvastatin resulted in 4-to 7-fold increases in liver expression of the key sterol synthesis genes HMG-CoA synthase and HMG-CoA reductase in both wild-type and PCSK9-Y119X mice. Interestingly, SREBP2 mRNA levels also increased in liver, potentiating expression of these genes. LDLR and PCSK9 expression were each induced ‫ف‬ 2-fold by atorvastatin for both genotypes, although the basal levels of PCSK9 mRNA were ‫ف‬ 10-fold lower in the Y119X mutant mice, consistent with nonsensemediated decay of the mRNA.
The fundamental molecular physiology controlling cholesterol balance in mice and larger mammals including humans is similar, although absolute rates of cholesterol synthesis and LDL-C clearance were shown by Dietschy's group to be much higher in the mouse, typical of its high metabolic activity in many pathways ( 14 ) . In that comprehensive study, it was found that ‫ف‬ 80% of whole-body LDL-C clearance from circulation was directed into the liver and ‫ف‬ 90% of this was mediated by LDLR endocytosis in mice. They concluded that extrahepatic tissues biosynthesize nearly all of their sterol requirements while most LDL-C returns directly to the liver. Changes in LDLR activity profoundly alter plasma LDL-C, but have little effect on cholesterol balance across the extrahepatic organs. In contrast, the unique ability of the liver to catabolize cholesterol to bile acids and excrete both into bile constitutes the main mechanism for whole-body cholesterol homeostasis. Regulation of hepatic bile acid synthesis ensures this balance and also provides critical emulsifi cation activity in the intestine. Table 1 which showed signifi cant quantitative differences for female versus male mice. Shown are mean ± SD for n = 6 (male) and n = 4 (female) mice per group. * P < 0.01 versus control for respective genotype. WT, wild type .
by guest, on October 14, 2017 www.jlr.org Downloaded from family member in our study suggests that normal liver export of bile acids was maintained throughout the study. Furthermore, expression of the NTCP, and the sodium independent organic anion transporter (OATP1B2) were the same in all groups, suggesting that reuptake of bile acids into liver was not impaired. These results along with the constancy of liver cholesterol and total bile acid concentrations support the interpretation that effi cient enterohepatic circulation of bile acids was maintained throughout the study.
Because species differences exist in the regulation of bile acid metabolism, it is presently not clear how well these pharmacodynamic results in a mouse model predict human responses. Still, the data suggest that metabolic regulation through enzyme pathway responses to increases in substrate concentration, together with increased gene expression for the key regulatory enzymes in liver, accommodate the increased fl ux of cholesterol into liver following stimulated LDL-C clearance with combined statin/ PCSK9 suppression in mice. The fi ndings suggest that the liver handles its responsibilities very well even when faced with the profound LDL lowering action of the combined PCSK9-statin mechanism.
the initial ring hydroxylation step mediated by the CYP7A enzyme is preferentially derived from LDL endocytosis and hydrolysis, or endogenous synthesis, or both. Intracellular traffi cking of de novo synthesized cholesterol from the endoplasmic reticulum to the plasma membrane appears to be distinct from movement of LDLR-endocytosed cholesterol which is routed through the lysosomes and ultimately to intracellular membranes ( 19 ) . Metabolic regulation through changes in expression levels and kinetic activity of key enzymes enable the liver to accommodate the increased infl ux of cholesterol following the stimulated LDLR-dependent cholesterol uptake seen with the treatment. In our study, the fi ndings of increased mRNA expression of the important liver bile acid synthesis gatekeeper genes, CYP7A1 and CYP8B1 ( 20 ) , along with higher fecal bile acid levels, and lack of liver cholesterol or bile acid accumulation suggests that the conversion to bile acids in liver enabled liver cholesterol homeostasis in the combination treatment. The covariation of CYP7A1 and CYP8B1 expression also is consistent with the observed increases in both cholic acid and chenodeoxycholic acid. In other studies in mice the oxysterol nuclear receptor, liver X receptor (LXR) ␣ , was found to be the key driver of bile acid synthesis gene transcriptional activation ( 21 ) . However, in our study mRNA for the sensitive LXR response gene SREBP1 ( 22, 23 ) was unchanged by atorvastatin and the same in all groups, suggesting that the increased expression of CYP7A1 and CYP8B1 may not be LXR-mediated in this study. While oxysterols activate CYP7A1 and other genes through LXR, bile acids repress CYP7A1 through the farnesoid X receptor (FXR), forming a feedback control loop in liver. Other FXR response genes were not measured in our study, thus it is presently unclear whether this feedback system contributes to the CYP7A1 and CYP8B1 expression pattern observed. It is also possible that the bile acid response elements in the promoters of CYP7A1 and CYP8B1 may respond to other transcription factors including hepatocyte nuclear factor 4 (HNF-4) which were not assessed in this work ( 24 ) .
While plasma LDL-C and total cholesterol were affected we observed no differences in circulating total bile acids or plasma ALT and AST in any group, suggesting that hepatocyte integrity and normal metabolic functions were maintained. Bile acids synthesized in the liver are secreted into the small intestine where they facilitate absorption of fat-soluble nutrients. Normally most (over 90%) of bile acids are effi ciently reabsorbed from the intestine and returned to the liver via the portal vein, forming an enterohepatic circuit, and a minor fraction is excreted in the feces ( 25 ) . Bile acids are transported out of hepatocytes at the canalicular membrane through the activity of the ATP-dependent BSEP and across the liver biliary epithelium mediated by members of the ASBT SLC10 gene family ( 25, 26 ) . Changes in expression or activity can affect export or extraction effi ciency and affect circulating total bile acid concentrations, and the latter has been considered a biomarker of altered hepatic function or potential metabolic or structural problems such as cholestasis. The lack of changes in liver expression of BSEP or an ASBT
